1. Introduction {#s0005}
===============

Trillions of bacteria colonize the human gut and the gut microbiota is essential for human health [@b0005], [@b0010], [@b0015], [@b0020]. While commensal bacteria reside in the host, providing key benefits, including protection against invasion, opportunistic or virulent bacteria are eliminated from the gut by the local innate immune system [@b0025]. Increasing evidence points to appropriate gut microbiota not only making critical contribution to the immune system, but also having a profound impact on brain function [@b0030], [@b0035], [@b0040]. When virulent pathogens invade, metabolic products such as lipopolysaccharides (LPS) can directly affect the function of enteric neurons, spinal sensory neurons and the vagus nerve through activation of Toll-like receptors or translocation and release of neuropeptides and hormones [@b0045]. Gut permeability is perhaps the most important factor in initiating microbial interaction with the rest of the body [@b0050].

The gut is the largest immune competent organ in our body, and contains close to 100 million neurons [@b0055], [@b0060]. Most of the nerve structures belong to the enteric nervous system (ENS), which regulates gut functions autonomously. The remaining extrinsic nerves connect the central nervous system with the gut and belong either to the afferent gut-brain or the efferent brain-gut axis [@b0065], [@b0070]. Bidirectional communication between the brain and the gut has long been recognized [@b0035], [@b0040]. To summarize the concept of the bidirectional deep interaction between central and peripheral nervous systems and the immune system, one can note that most of the neuropeptides, produced by neurons during immune response versus infectious agents or malignant cells, have neuroendocrine-like activity that can influence both brain and gut functions. The neuropeptides calcitonin gene-related peptide (CGRP) and pituitary adenylate cyclase-activating polypeptide (PACAP) have been studied within this framework.

Neuropeptides are important due to their ability to regulate a range of diverse biological activities. As neurotransmitters, neuropeptides are components of the autonomic nervous system and act locally at peripheral sites; as neuromodulators, neuropeptides could act on central regulatory centers; and as neurohormones and hormones, neuropeptides could reach the immune system, peripheral vessels, organs and glands through the circulatory system [@b0090]. It is reported that neuropeptides show close relationships and deep interactions between the neuropeptidergic and immunological systems within the host immune homeostasis. Neuropeptides, such as substance P (SP) [@b0080], vasoactive intestinal peptide (VIP) [@b0075], and α-melanocyte-stimulating hormone (α-MSH), released by nervous fibers in the intestine, exhibit a variety of proinflammatory or anti-inflammatory effects that are required for the modulation of innate and adaptive immune response [@b0095], [@b0100].

The influence of the gut microbiota on several aspects of central nervous system (CNS) function is increasingly supported by a growing body of experimental data [@b0105], [@b0110], [@b0115]. The mechanism of this influence is complex and involves multiple direct and indirect pathways. The direct link between the microbiota and hypothalamic--pituitary--adrenal (HPA) axis association with stress shows the significant role of microbiota in CNS function [@b0120], [@b0125], [@b0130], [@b0135]. While inflammatory diseases, such as inflammatory bowel disease (IBD), could lead to mental disorder, stress could also induce inflammation through increasing intestinal permeability [@b0140]. In this article, we will review the current evidence in the literature that points towards roles of neuropeptides in gut-brain axis and their influence on host immune system and psychiatric disorders. We will also review the possible mechanisms through which gut microbiota might be involved in the pathogenesis of these disorders with example neuropeptides. While there are numerous neuropeptides involved in communication along the gut-brain axis, many of which are mentioned in this mini review, a couple select neuropeptides are chosen for in depth analysis to demonstrate the diversity of gut-brain axis communications, as a full description of all gut-brain axis neuropeptides is outside the scope of this mini-review.

2. Role of gut-brain axis in immune response {#s0010}
============================================

Starting from the study on capsaicin activity, the role of neuropeptides in the connection between the neuroendocrine and immune system has been receiving increasing attention [@b0145], [@b0150]. Neuropeptides from the gut-brain axis have two key roles on the immune system: enhance innate host defense and direct antimicrobial function [@b0155], [@b0160]. In initiating microbial interactions with the intestine, metabolic products such as lipopolysaccharide (LPS) created by pathogenic microorganisms can increase the gut permeability and alter the activity of the ENS and CNS [@b0165]. The intestinal barrier, which could act against this invasion, consists of multiple layers that includes gut flora and external mucus layer, epithelial layer, and lamina propria [@b0170]. Immune cells such as lymphocytes, macrophages, plasma cells, antigen presenting cells, and mast cells are mainly concentrated on the epithelial layer and lamina propria [@b0165].

Many neurotransmitters and neuropeptides bind directly to their receptors expressed in human T cells (also termed T lymphocytes), and also in various other immune cells, including B cells, dendritic cells, macrophages, and microglia, and subsequently induce various very potent immune effects [@b0175], [@b0180]. Recent studies show that neuropeptides such as neuropeptide Y, Somatostatin, GnRH-I, GnRH-II and CGRP could bind to their receptors in normal peripheral human T cells and trigger or elevate significantly a kaleidoscope of T cell functions and features crucial for health-keeping and disease-fighting tasks [@b0185], [@b0190].

Conventionally neuropeptides are considered as signaling molecules but have recently been shown to be pleiotropic molecules that are integral components of the nervous and immune system [@b0195]. Common characteristics between some neuropeptides and antimicrobial peptides (AMPs), such as shared signal sequence, similarities in size, cationic charge or amphipathic design, suggest that neuropeptides might also serve an additional function in antimicrobial immunity [@b0200]. [Table1](#t0005){ref-type="table"} shows some significant neuropeptides that have been proven to have antimicrobial activity, such as substance P (SP), neuropeptide Y (NPY), and vasoactive intestinal peptide (VIP).Table 1Common antimicrobial neuropeptides.NeuropeptideOriginSequenceAntimicrobial ActivityNeuropeptide Y (NPY)HumanPro-neuropeptide Y (30--64)Against Gram-positive bacteria, Gram-negative bacteria, fungi and parasites [@b0580]Calcitonin gene-related peptide (CGRP)HumanCalcitonin gene-related peptide 1 (83--119)Against Gram-positive bacteria, Gram-negative bacteria and fungi [@b0160]Substance P (SP)HumanSP (1--11)Against Gram-positive bacteria, Gram-negative bacteria and fungi [@b0160], [@b0580]Vasoactive intestinal peptide (VIP)HumanVIP peptides (125--152)Against Gram-positive bacteria, Gram-negative bacteria, fungi and parasites [@b0590]α-Melanocyte-stimulating hormone (αMSH)Humanα-MSH (1--13)Against Gram-positive bacteria, Gram-negative bacteria, fungi and parasites [@b0595]Pituitary adenylate cyclase-activating peptide (PACAP)Human/CatfishPACAP (131--169, PACAP-38)/PACAP (131--158, PACAP-27)Against Gram-positive bacteria, Gram-negative bacteria and fungi [@b0270]Adrenomedullin (AM)HumanAdrenomedullin (1--52)Against Gram-positive bacteria, Gram-negative bacteria and parasites [@b0195], [@b0600]NDA-1*hydra*NDA-1 (1--71)Against Gram-positive bacteria, Gram-negative bacteria [@b0270]EnkelytinHumanProenkephalin-A (209--237)Against Gram-positive bacteria [@b0610]

The negatively charged bacterial membranes make it a target of antimicrobial neuropeptides compared to the membranes of plants and animals, which have no net charge. After binding to the bacterial membrane, antimicrobial neuropeptides could displace membrane lipids to depolarize the normally energized bacterial membrane, causing fatal problems for the bacteria by altering the membrane structure to create physical holes that cause cellular contents to leak out, or even by entering into the interior of the target bacterial cell to activate deadly processes, such as induction of hydrolases that degrade the cell wall. While conventional antibiotics are easier for the bacteria to become drug-resistant, it is less likely for bacteria to become resistant against a neuropeptide antibiotic as its target is the bacterial membrane, the principal cell structure of bacteria [@b0205]. Since the increased emergence of multi-resistant human pathogenic bacteria has become a worldwide problem, the antimicrobial neuropeptides open up new avenues for future therapeutic application of antibiotic-resistant infection.

2.1. Neuroimmune connector, calcitonin gene-related peptide (CGRP) {#s0015}
------------------------------------------------------------------

Neuropeptide calcitonin gene-related peptide (CGRP) is a member of the calcitonin peptide family that is expressed in both peripheral and central neurons. It is released from afferent fibers at the site of stimulation when gut environment is changing [@b0210]. As shown in [Fig. 1](#f0005){ref-type="fig"}, once infection stimulates transient receptor potential vanilloid receptor-1 (TRPV1) on the surface of C fibers, CGRP is secreted from sensory nerves, which are distributed in C fibers and upstream. After release, CGRP actives host defense and immune response at different sites by binding to its receptor, calcitonin receptor like receptor (CRLR), and its receptor activity-modifying protein1 (RAMP1) found on T and B lymphocytes, macrophages, mast cells, and dendritic cells among others [@b0215], [@b0220]. Since CGRP is released at the site of stimulation, regulating innate immune activation and mediating information flow to the rest of the nervous system, it is exemplified as a neuroimmune connector [@b0210].Fig. 1The bi-directional communication between the gut and the brain during pathogen infection and the potential function of neuropeptides on the host immunity and stress. LPS, lipopolysaccharides; TRPV1, transient receptor potential vanilloid receptor-1; CGRP, calcitonin gene-related peptide; CNS, central nervous system; CRLR, calcitonin receptor like receptor; PACAP, pituitary adenylate cyclase-activating polypeptide; CRH, corticotropin-releasing hormone; ACTH, adrenocorticotrophic hormone; HPA axis, hypothalamic--pituitary--adrenal axis.

CGRP has a regulatory effect on both dendritic cell and T-cell functions, down-regulating pro-inflammatory cytokine tumor necrosis factor α (TNF-α) and promoting anti-inflammatory cytokine, interleukin 10 (IL-10) [@b0225]. Dendritic cells are known to express the CGRP receptor CalcR and respond to CGRP in an anti-inflammatory manner [@b0175]. Recently, a study shows that CGRP treatment significantly reduced TNF-α release while upregulating IL-10 release in LPS-activated dendritic cells. This data suggest that TRPV1 activation of dendritic cells plays a role in their homeostasis and regulation through the release of CGRP [@b0230]. The role of CGRP might also be different in the acute and later stages of inflammation. In acute stages of inflammation, CGRP that is present in peripheral tissues is known to enhance inflammatory responses by dilation of blood vessels, extravasation of inflammatory cells, and activation of secretion of inflammatory cytokines, while in the later stage of inflammation, the proinflammatory activities of macrophages and lymphocytes can be inhibited by the action of CGRP, leading to the suppression of inflammatory responses [@b0235].

The CGRP signaling has been implicated in the cAMP, PKC, ERK, and p38 signal transduction pathways [@b0215]. A recent study has shown that CGRP may play an important role in biological defenses including infection and inflammation by integrating the nervous system, hematopoiesis, and immunity. On the one hand, after initiation of inflammation, CGRP stimulates hematopoiesis in the bone marrow cell, which may compensate proliferating hematopoietic cells including monocytes, which are recruited to the local inflammatory tissues. On the other hand, in chronic inflammation, expression of the CGRP receptor CRLR may be reduced and the loss of CGRP function may inhibit hematopoiesis with reduction of myeloid cells, which could terminate the inflammatory responses by reduction of tissue-invaded macrophages [@b0240].

CGRP is one of the main neurotransmitters involved in immune function and is a key responder to tissue damage that is perceived as "pain" [@b0245]. A recent study with Drosophila shows that diuretic hormone 31 (DH31) and CGRP display a similar activity that triggers muscle contractions during bacterial infection which may cause intestinal pain. The traditional treatment may prescribe drugs that inhibit the visceral spasms which probably slows down the elimination of the pathogens that are responsible for the discomfort. Therefore, a deeper understanding of the CGRP physiological mechanism would be helpful to design novel drugs and adapt medical practices to treat the visceral pain and diarrhea associated with bacterial infection [@b0250].

2.2. Antibacterial neuropeptide, pituitary adenylate cyclase-activating peptide (PACAP) {#s0020}
---------------------------------------------------------------------------------------

Pituitary adenylate cyclase-activating polypeptide (PACAP) is a member of the secretin/glucagon superfamily, with potent anti-inflammatory and potent cytoprotective properties [@b0255], [@b0260]. It is most abundant in the brain, but there are significant levels in other organs, including the thymus, spleen, lymph nodes, and duodenal mucosa [@b0265]. In the current work, analysis of *C. gariepinus* PACAP-38 primary structure reveals the high cationic nature of the peptide, which displays a net charge of +9 at physiological pH and provides evidence of antimicrobial activity of PACAP against a wide spectrum of Gram-negative and Gram-positive bacteria and fungi ([Fig. 1](#f0005){ref-type="fig"}) [@b0270]. The basic structure of PACAP consists of 38 amino acids. The C-terminal domain of PACAP-38 is involved in the stabilization of the α-helix, and the N-terminal domain of PACAP plays an essential role for binding affinity and biological activity [@b0275]. It has a significant component of hydrophobic residues with a structurally amphipathic arrangement, both hallmarks of canonical AMP. Its sequence has been remarkably conserved throughout evolution, from fish to mammals, suggesting that this peptide fulfills important biological functions in a broad spectrum of organisms [@b0275]. PACAP-27 is a native isoform of PACAP-38. They both had antimicrobial activity against the Gram-negative bacteria *E. coli* in the radial diffusion assay, with PACAP-38 having the highest potency, i.e. the lowest minimum inhibitory concentration (MIC). While PACAP-38 has potent sterilizing activity against *P. aeruginosa* in the more stringent broth dilution assay and antimicrobial activity against the Gram-positive bacteria *S. aureus* in the radial diffusion assay, PACAP-27 did not have any detectable effect against *S. aureus*. The difference of antimicrobial activity between PACAP-38 and PACAP-27, shows that while the N-terminal of PACAP plays an essential role in the bacterial binding process, the α-helix on the C-terminal end might also play an important role [@b0280].

Although PACAP has highly potent antimicrobial activity against a wide spectrum of bacteria and fungi, as a drug, PACAP38 is limited by its short half-life [@b0285]. After studying the microbial activity of PACAP and its analogs (PACAP3-38), the result shows that they all have potent antimicrobial activity against a panel of Gram-positive and Gram-negative pathogens. While PACAP-38 and PACAP-27 were almost completely cleaved by DPP IV in less than 30 min, there was no indication that any analog tested was cleaved at all by DPP IV even after 72 h. Additionally, they have low toxicity against human RBCs. The potency and species selectivity of the antimicrobial activity of PACAP analogs also improved. PACAP (9--38), which adopts a π-helix conformation rather than an α-helical conformation like PACAP38, exhibits an increased specificity toward *Burkholderia cenocepacia* J2315 compared to other tested bacteria [@b0290]. Besides the mammals, the antimicrobial activities of PACAP have also been explored in the non-mammalian vertebrate immune system. Current work provides evidence of antimicrobial activity of *Clarias gariepinus* PACAP against a wide spectrum of Gram-negative and Gram-positive bacteria and fungi of interest for human medicine and aquaculture, in which computational prediction studies support the putative PACAP therapeutic activity [@b0270]. Overall, the current study contributes to a better understanding of PACAP and its function on the immune system and stimulates renewed interest in PACAP as a new therapeutic agent for the treatment of microbial species.

3. Role of gut-brain axis in stress response and psychological disorders {#s0025}
========================================================================

While many neuropeptides are involved in communication along the gut-brain axis in the immune response, neuropeptides also are key players in the response to stress. From neuropeptides and neurotransmitters secreted from the brain to gut peptides secreted from enteroendocrine (EEC) cells in the gastrointestinal (GI) tract, neuropeptides and peptide hormones have critical functions in bidirectional communication in the stress response. EEC cells, which are a small portion of epithelial cells in the gut, are regulated through the gut microbiome [@b0300], [@b0305], allowing for bidirectional communication between the brain and the microbiome. Many neuropeptides, such as corticotropin-releasing hormone (CRH) and neuropeptide Y, among others, are involved in communication along the gut-brain axis, including in the response to harmful circumstances, namely stress [@b0310]. Furthermore, the microbiome and signaling along the gut-brain axis can also affect behaviors related to psychological disorders, such as anxiety and depression [@b0315], [@b0320], [@b0325]. Many endogenous peptides, such as neurotensin, oxytocin, amylin, neuropeptide Y, and cholecystokinin-8, are well studied in psychological disorders [@b0310], [@b0330].

3.1. Connection between the gut and psychological disorders {#s0030}
-----------------------------------------------------------

Diseases like obesity and inflammatory bowel disease (IBD), are commonly studied due to the involvement of the microbiome and bidirectional communication along the gut-brain axis in these diseases. As the connection between the gut-brain axis and obesity has recently been reviewed [@b0335], this mini review will focus on IBD. IBD affects a diverse population of patients world-wide, especially in western countries. Although IBD is not considered fatal, its effects and associated [@b0340], [@b0345]. Studies have shown that these psychological disorders are more prevalent in IBD individuals compared to healthy controls [@b0350], [@b0355]. Furthermore, stress was correlated with symptoms of IBD, indicating a sensitivity to stress in IBD [@b0360]. Thus, the bi-directional communication between the gut and the brain in IBD influences symptoms of the disease, including the effect of psychological diseases and stress on the gastrointestinal tract. Communication in the gut-brain axis in stress involves a wide range of molecules participating in either brain to gut or gut to brain communication. Here, the focus will be on brain to gut communication during stress via neuropeptides.

Communication during stress in the gut-brain axis commonly occurs through the hypothalamic--pituitary--adrenal (HPA) axis. HPA is the main pathway for stress response and is involved in psychological disorders [@b0365]. This pathway starts with release of corticotropin-releasing hormone (CRH) from the hypothalamus, which then initiates the release of adrenocorticotrophic hormone (ACTH) from the pituitary. The circulation of ACTH releases glucocorticoid hormones, namely cortisol and corticosterone from the adrenal glands [@b0365]. A discussion about the role of CRH and ACTH peptide hormones in the stress response will be provided in the following section, and in the second section a relatively new peptide with potential anxiolytic effects will be discussed in detail. Here, we will provide a short discussion about other neuropeptide changes due to stress.

3.2. Overview of neuropeptide changes in stress {#s0035}
-----------------------------------------------

Neuropeptide Y (NPY) is a key neuropeptide in the enteric nervous system, and has anti-stress properties [@b0370]. The role of NPY in inflammatory responses, pain, emotion, mood, cognition, stress, ingestion, and energy homeostasis has previously been reviewed [@b0375], so only a brief discussion will be presented here. NPY levels have been found to decrease in patients with post-traumatic stress disorder and increase in people exposed to trauma who do not develop or recover from the trauma [@b0375]. In a study in humans with IBD, NPY levels in venous blood samples were found to increase in IBD patients [@b0380]. In rodent models of stress and IBD, NPY levels were also found to be altered. In a dextran sulfate sodium (DSS)-induced colitis model in mice, increased levels of NPY were found in plasma as well as increased NPY expression in the hypothalamus [@b0385], [@b0390]. Another study investigated the effect of electro-acupuncture on two rat models of stress, namely the chronic and acute stress model and the senna gavage and chronic model. This study revealed decreased levels of NPY in the distal colon, hypothalamus, and spinal cord with the two models of stress, but electro-acupuncture restored NPY and other neurotransmitter levels to that of the healthy control group [@b0395]. Finally, a study of minimal traumatic brain injury in rats found that the NPY levels were initially decreased 48 h after trauma, but then were elevated 30 days after trauma [@b0400]. Additional in-depth reviews of the role of the NPY neuropeptide family in stress can be found elsewhere [@b0405], [@b0410].

A variety of neuropeptides are potentially involved in the gut-brain axis's response to stress. Thyrotropin-releasing hormone was increased in water avoidance stress in both serum and mucosa, and a receptor for the hormone was expressed in the colon mucosal epithelium and myenteric plexus neurons [@b0415]. The role of endogenous opioid signaling has also been investigated, where it was found that there was a switch in the opioid signaling to an excitation effect in dorsal root ganglia [@b0420]. Additionally, apelin and cholecystokinin (CCK) levels were studied during acute restraint stress in rats [@b0425]. Endogenous apelin mediated release of CCK from enteric neurons in stressed rats [@b0425]. Further study of these neuropeptides may provide a deeper understanding of the role of the gut-brain axis in stress response.

3.3. Hypothalamic--pituitary--adrenal axis communication in the stress response {#s0040}
-------------------------------------------------------------------------------

The response to stress along the hypothalamic--pituitary--adrenal axis involves peptide hormones CRH and ACTH. CRH in mammals is a 41 amino acid long peptide. CRH is secreted from the hypothalamus [@b0430], stimulating the release of ACTH, a 39 amino acid peptide, from the pituitary. There are two CRH receptors (CRH-R1 and CRH-R2), which are G protein-coupled receptors from the B1 family. CRH-R1 is highly expressed in the brain, with more limited expression in peripheral tissues, while CRH-R2 has more limited expression in the brain and is more highly expressed in peripheral tissues [@b0435].

In humans, the role of the hypothalamic--pituitary--adrenal axis in stress and IBD is extensively studied, and recent studies in humans examined the effect of administered CRH under different conditions. CRH administration in humans reproduced the effect of public speaking psychological stress, namely increased small intestine permeability [@b0440]. The administration of CRH increased ACTH levels in plasma, which is expected as the function of CRH is to promote ACTH release. Additionally, exogenous administered CRH affects the brain regions associated with emotional-arousal circuitry and pain differently during colorectal distention in control individuals than IBD patients [@b0445]. A follow up study found that hypothalamic--pituitary--adrenal--sympathoadrenal responses to CRH injection were different in control and IBD patients during colorectal distention, indicating that changes in adrenal gland activity in response to ACTH stimulation may be involved with IBD [@b0450].

In rodent studies, different models of IBD and stress are combined to investigate the role of the hypothalamic--pituitary--adrenal axis, including CRH and ACTH. The chronic restraint stress model is one model commonly used in rodents. An investigation of germ-free mice and specific pathogen infected mice under restraint stress revealed higher levels of hypothalamic--pituitary--adrenal axis related compounds, including CRH and ACTH, in germ-free mice [@b0455]. Overall, specific pathogen infected mice exhibited more anxiety behaviors in restraint stress, indicating changes in intestinal microbiota can influence the hypothalamic--pituitary--adrenal axis response to stress [@b0455]. Another study investigated probiotic treatment during restraint stress, revealing that treatment with *Lactobacillus helveticus* NS8 restored ACTH levels and lessened the anxiety and depression symptoms caused by restraint stress, again revealing the importance of the gut microbiome composition in stress [@b0460]. Maternal separation stress early in development and CRH injection both resulted in changes in colorectal mobility and gut microbiome content by the stressors [@b0465]. Furthermore, buserelin treatment, which was expected to cause enteric neuronal loss, resulted in up to 50% loss of neurons and an increase in CRH immunoreactive neurons in the colon. Despite these physical changes, however, the physiology and function of the gut is still well preserved with regards to the stress response and hypothalamic--pituitary--adrenal axis [@b0470].

In a mouse model of IBD, DDS-induced colitis, the effect of stress, via a water avoidance stress model of mild psychological stress, was studied. This revealed changes in CRH, CRH-R1, NPY, and NPY receptor Y1, among others, revealing altered brain-gut signaling during DDS induced colitis [@b0390]. The role of the hypothalamic--pituitary--adrenal axis in visceral nociception was investigated in rats using a colorectal distention protocol, which demonstrated that CRH in the central nucleus of the amygdala was involved in signaling for visceral nociception through release of noradrenaline after CRH-R1 binding [@b0475]. Thus, changes in the HPA axis occur due to a variety of stressors, and when combined with the important role of the gut microbiome composition in stress, a dynamic gut-brain axis signaling process is revealed.

3.4. Phoenixin -- A neuropeptide with multiple roles {#s0045}
----------------------------------------------------

In contrast to the well-studied peptides along the HPA axis, novel neuropeptides are still being discovered. Relatively recently, the neuropeptide phoenixin (PNX) was discovered with bioinformatics approach, revealing a 14 amino acid peptide and a 20 amino acid peptide, both of which are amidated [@b0480]. The peptides are highly conserved across species. Phoenixin is primarily localized to the hypothalamus, with peripheral localization to other organs, including the heart, thymus, and stomach [@b0480]. Originally, in studies in rats, phoenixin was found to be involved in reproduction as administration of small interfering RNA (siRNA) against phoenixin *in vivo* delayed estrus and reduced gonadotrophin-releasing hormone (GnRH) receptor expression, which is involved in regulation of the reproductive system [@b0480]. The G protein-coupled receptor Gpr173 is the putative receptor for PNX binding [@b0485], [@b0490]. While the original function of the peptide was in reproduction, with multiple studies focusing on this, there has been a range of other proposed functions for PNX, including roles in psychological disorders, which will be discussed following description of the pathway and localization of PNX.

*In vitro* studies have provided insight into the pathway for PNX involvement in reproduction. GnRH is involved in regulation of release of reproductive hormones, such as luteinizing hormone (LH). Evidence suggests that PNX mediates GnRH secretion by regulating the expression of the GnRH receptor [@b0480] through activation of the cyclic AMP/ protein kinase A pathway after PNX binds to the Gpr 173 receptor [@b0490]. Additional research has examined the ability of PNX to affect levels of other molecules, including vasopressin [@b0495], as well as identifying potential regulators of PNX and the PNX receptor [@b0500], [@b0505], [@b0510]. Interestingly, in women with polycystic ovary syndrome, PNX-14 levels, along with LH and androgen, were increased in the serum of patients compared to controls, indicating a potential role of PNX-14 in polycystic ovary syndrome [@b0515].

The specific immunohistological localization and expression analysis revealed numerous localization patterns in the brain, suggesting that phoenixin has a wide range of functions [@b0480], [@b0520], [@b0525]. A study of the localization of pheonixin-14 (as opposed to the initial studies that used an antibody that bound to both the 14 and 20 amino-acid residue peptides with C-terminal amidation) revealed pheonixin-14 was localized to the medial division of the central amygdaloid nucleus in the brain, spinal trigeminal tract, spinocerebellar tract, and cells between crypts of duodenum, jejunum, and ileum [@b0530]. PNX has been implicated in feeding behavior as studies in rats have shown high co-expression with the neuropeptide nesfatin-1, which is involved in food intake, energy expenditure, and glucose homeostasis [@b0525], along with an increase in food intake upon injection of PNX [@b0535], [@b0540]. The peptide has also been implicated in the suppression of visceral pain [@b0520] as well as signaling of itch sensation [@b0545]. The effect of PNX in the heart has also been studied [@b0550].

Furthermore, PNX levels have been investigated in psychological disorders, namely anxiety, and neurocognitive disorders. In mice, PNX-14 was shown to reduce anxiety in the open field and elevated maze test in a dose dependent manner [@b0555]. In humans, a study in obese men revealed a negative association of PNX and anxiety. Interestingly, when the group was divided into minimal and moderate anxiety subgroups, the minimal anxiety group had higher PNX levels, although the p-value was just above the level needed for statistical significance [@b0560]. As depression and perceived stress were not correlated with PNX, the PNX anxiety correlation appears to be specific, but the study in obese men revealed only a moderate correlation between PNX and anxiety, potentially due to other factors [@b0560], [@b0565]. For neurocognitive disorders, PNX improved memory formation and retention through GnRH receptor activation in mice, indicating a potential ability of the neuropeptide to enhance memory [@b0570]. Also, PNX was shown to potentially reverses the effects of Alzheimer's Disease as it lessened the effects of Aβ1-42 and scopolamine, which cause memory impairment [@b0570]. PNX levels were tested in humans with either mild cognitive impairment, subjective memory complaints, or Alzheimer's disease, and no significant differences were observed between the groups, although there was no healthy control for comparison [@b0575]. The reported positive effects of PNX on anxiety and cognitive function have the potential to be impactful for treating these disorders. Thus, it will be interesting to follow up with further studies on the role of PNX in anxiety and neurocognitive disorders.

4. Summary {#s0050}
==========

Significant progress has been made over the past decades in recognizing the importance of neuropeptides in bidirectional communication between the brain and the gut and their influence on host immunity and stress. As stated earlier, neuropeptides such as CGRP are involved in host monitoring of the gut environment and have an important function that connects nervous and immune systems during infection. Neuropeptides such as PACAP could directly act on the bacteria membrane to kill the bacteria. The effective defense and low bacterial resistance probability make the antimicrobial neuropeptides an attractive new class of antibiotics. Key findings show that stress influences the composition of the gut microbiota and that bidirectional communication between microbiota and the CNS influences stress reactivity and responses. Neuropeptide CRH acts as a common mediator during this dynamic gut-brain axis signaling process. The positive effects of PNX on anxiety and cognitive function have the potential to be impactful for development of therapeutic strategies to treat these disorders.

We are just beginning to understand the meaning of gut-to-brain microbiome interactions and what role neuropeptides ultimately play for host homeostasis including immunity and stress. Although their implications are described in selected models, some of the precise mechanisms and overall effects are not fully understood. Further progress in understanding the various processes involved in neuropeptide modulation of the interactions between the gut microbiome and the central and peripheral nervous systems is essential to develop effective treatments for immune and stress disorders with neurogenic components. Because our understanding of the interactions of the gut-brain axis continues to expand, novel therapies will be developed to treat gut microbiome-mediated immune and stress diseases. Neuropeptides, their receptors, and the proteases that degrade the same neuropeptides may become the special target of new specific pharmacologic approaches.
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